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Plasma Lactate Kinetics during Exercise
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ABSTRACT Osxygen consumption (VO,) plasma concentrations ([fact]} and net
plasma lactate accumulation rates (Mm, ) were measured in 6 Thoroughbzed
horses running on a level treadmill at various speeds. Standardized exercise proto-
cols consisted of a 3 min warm up at 4 ms™~', 3 min rest standing on the treadmill, 2
minat4dms~!, 2 minat 7ms™', and 3 min at a higher speed {(10-17 m 57"}, with
[lact] measured at the end of the run at each speed . [Lact] remained unchanged from
resting conwnlmuon at all running speeds below 7 m s=! {1 58 +0 33 mmol 1,
mean *= SEM, n=6) At 7 m s~' and above, {lact] increased cxpommmi}y as
runnmg speed increased, with average end-run concentrations increasing 1o
2.66+033, 7.83+0.94, and 33 76239 mmol 1! at 7,82, and 15 m 5™ My
were unduectab!e al nmmug speeds below 7m s~ (apprommalcly 0% Vo,m'l\)
averaged § 0+0 5 mmol 17" min~" at 100% Vy,max, and 18441 2 mmoi1"" min~
at 115% of the speed required to elicit Vp,max No su,mf“canl correlations were
found between Vo,max, end-run [lact], or My, and the running speed required to
elicit Vg, max. Addmonaliy, no significant correlation was found between the values
ofVD,max and either My, or end-run [fact] Vo,ma,\ and My, were identical on
two sequential runs 1 h apart at a speed 1 m s~ faster than that required to elicit
Vo,max However, compared to the {irst run, pre-run [lact] was significantly higher
and eand-run {lact] was lower for the second of the two runs. These results indicate
that enhanced clearance of plasma factate must have occurred during the submaxi-
mal and/or the initial maximai portion of the second run

Key words - Horses; exercise; lactate; meax: aerobic metabolism; anaerobic metab-

ofism.

INTRODUCTION

Many studies have investigated the refation-
ship between changes in blood lactate con-
centration and running performance in
horses. >1"1? Much effort has focused on the
running speed that causes an initial increase
in lactate concentration, the so-called “iac-
tate threshold”, because of its potential use
in providing an index of aerobic capaci-
ty.!7* While this datum may be indicative
of the exercise intensity at which lactate en-
try into the bloodstream exceeds lactate re-
moval/oxidation, the interpretation of this
information is controversial 116-202

Recent reports of the role of lactate in
encrgy metabolism have demonstrated that
factate is not just a waste-product of anaero-
bic metabolism, but rather, can serve as a

major oxidizable substrate for cardiac and
skeletal muscle. ™! Thus, interpretation of
lactate kinetics at increasing running speeds
is confounded not only by increased rates of
production, but potentially by increased
rates of utilization as different muscle fiber
types are recruited during exercise. !
The lower lactate concentrations observed in
trained athletes (both human and animal)
during exercise at a particular intensity may
represent an enhanced capacity to utilize lac-
tate as an oxidizable substrate, rather than
simply reduced production, as has been pre-
viously thought. ™12

The present study examines plasma lactate
kinetics in the exercising horse during a pro-
tocol that includes running for 3 min at
speeds eliciting V(}zmax, and interprets the
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changes in lactate kinetics during maximum
aerohic exercise from this perspective.

METHODS AND MATERIALS

Six Thoroughbred geldings (5.8+0.8 (SD)
years old, weighing 466+ 19 (SD) kg) were
trained to run on a motorized treadmill (0%
incline) until maximum rates of O, con-
sumption (Vg,max) were reproducible (be-
tween run variation <2%) The horses wore
a mask over their muzzles to capture expired
gases for the measurement of oxygen con-
sumption (Vg,) and carbon dioxide produc-
tion (Veg,). To measure Vg, and Veg,, air
was drawn through the mask by a 25 hp
turbine at flow rates of 8000 to 14000 |
[STPD] min~! Prior to running on the
treadmill, a 14 gauge x 15 cm catheter was
introduced percutaneously into the left jugu-
lar vein of each horse. Heparinized blood
samples (3 ml) drawn from these catheters
were kept on ice {< ! h) until plasma could
be separated by centrifugation at 1500 x G
for 5 min, The plasma was analyzed immedi-
ately for lactate concentration [{act} using an
enzymatic procedure from Sigma Chemical
Co. Plasma lactate accumulation rates
(M} 4ames mmol 17! min~!) for a given exer-
cise intensity were determined from the dif-
ference in lactate concentration and the time
interval between two sequential blood sam-
ples collected at that running speed. The first
of the two samples was typically collected
after 1 min at a given exercise intensity, and
the second 1.5-2 min later. Three distinct
studies, outlined separately below, were per-
formed during a 3 month period

Determination of VOzma.x

Horses exercised according to the following
protocol: (I} a 3 min warm-up trot at 4 m
s~ (2) standing quietly on the treadmill
during the next 3 min while the gas collec-
tion mask was placed over the hoise’s muz-
zZie(N2minatdms™ ' {(4) 2 minat Tms™;
and (3) 3 min at one of either 10, 12, 13, 14,
15, 16, or 17 m s~' This protocol was re-
peated for each horse a minimum of 3 times

for each of the speeds listed in step 5 above,
Horses were run at speeds of 14 m s~! and
higher no more than 3 times a week . Concen-
trations of O, and CO, were continuously
monitored in the expired gas line with O,
{Ametek 8-3A/1) and CO, (Beckman LB-2)
analyzers Rates of O, consumption and CO,
production, corrected to STPD, were calcu-
lated using the Ni-dilution, COs-addition
technique of Fedak et al.” Calibration gases
(N4 or CO4) were metered into the mask via
electronic mass flow meters (Matheson Gas
Products Model 8210 Dyna-Blender). A
schematic of the experimental set-up is pre-
sented in Fig. 1. ECG signals were collected
from gel electrodes affixed to shaved areas of
the neck and flank with cyanoacrylate ce-
ment, and were amplified and recorded on a
strip chart recorder (Gould Inc. Brush 2400).
The average heart rate was determined from
these recordings during the last min of exer-
cise at each running speed.

Time cow se of changes in plasma

lactaie concentration

For these trials, all horses followed the pro-
tocol described above with the exception
that maximum running speed during the fi-
nal 3 min was standardized at 14 m s~'.
Blood samples were drawn from the jugular
catheter approximately every 30 s during the
run at maximum speed, and after 1 and 2
min of walking at 1.5 m s~' following the
run. [Lact] were measured as described
above.

Lactate concentrations during

sequential runs

Each horse followed the same running proto-
col described above of 4 m s~ !, rest, 4 m s~/
and 7 m 57!, then ran for 3 min at a maxi-
mum speed that was 1 m s~' faster than the
speed previously determined to be the mini-
mum requited to elicit Vg,max for that
horse. Only 5 horses were able to complete
this portion of the study. Blood samples
were collected immediately prior to the
warmup trot and over a timed interval dus-
ing the final 90 s of running at the maximum
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Fig 2 {a) Heart rates at various exercise intensi-
ties in a single horse. Values are means + SEM of
multiple runs The number of observations at each
point is given in the bottom figure () Mass spe-
cific oxygen consumption {V,,/M,) {circles) and
plasma lactale accumulation rates (triangles) at
various exercise intensities for the same horse
Values are meaas * SEM.

speed. The horse walked on the treadmill
(1.5 m s~ ") for I h at the conclusion of the
run, and the sequence was repeated. Vg,
M e and [lact] immediately prior to the
warm-up trot {pre-run} and after 3 min at the
maximum speed (end-run) were determined.

Data analvsis

Data reported are means = SEM for these
horses. Regression parameters were deter-
mined by least-squares with significance in-
dicated for slopes different from zero. Where
indicated, two-way ANOVA was utilized,
and Tukey’s HSD post-test was applied to
comparisons for which p<0.05.

RESULTS

Determination of Volnm.x

For all horses, Vo, increased with running
speed up to a speed, characteristic for each
horse, above which no additional increase in
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Fig 1 (a) Heart rates standardized as percentage
of maximum heast rate measured in each horse at
exercise intensities standardized as the percentage
of the speed required to elicit V,max in each of 6
horses; values are means + SEM. (b} Rates of
oxygen consumption {filled circles) and plasma
lactate accumulation rates (triangles) standardized
to their maximum valucs for cach horse at running
speeds standardized as above in (34) Standard-
ized plasma lactate accumulation rates (open cir-
cles) for 6 horses exercising at 14 m s~'; values
represent the average of 3 determinations for each
horse during the final 1.5 min of each 3 min run

VQ, was observed (Fig. 2 b, 3 b). Mass specif-
ic Vo,max (Vg,max/M,, where M, is in kg),
ranged from 2.34 to 2.69 ml O, s~ kg™! and
was not correlated with the running speed
required to elicit it (*=0.008, p=0.86) (Fig.
4g). The speed necessary to elicit VOzmax
varied from 13 to 16 m s™' among these
horses, No accumulation of plasma lactate
could be detected at running speeds below 7
m s~', but at higher speeds the accumulation
rate increased exponentially as running
speed increased (Fig. 25, 35 M| a0 aver-
aged 80205 mmol 1" min” at the mini-
mum speed that elicited meax (Fig. 30).
The maximum average M. (18.4£1.2
mmol [7! min~') was measured at running
speeds approximately 153% higher than those
necessary to elicit Vogmax, Not all of the
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Fig 4 (a) Average maximum mass- spccmc oxygen
consumption (Vo,maA/Mb) at the running speed
required 1o elicit Vy,max for 6 horses. The solid
line indicates the feast- -squares regression {or these
data; regression equallora Vo max/M, =238 +
(001 xspeed); =0008, p=0386. (b)) Average
plasma lactate accumulatmn rates at the running
speed required to elicit Vg,ma:\/Mh for the same 6
horses The solid line indicates the least-squares
regression for these data; regression equation: Lac-
{ate accumulation rate =—576--{1.07Xspeed);
rF=039, p=0.19.

horses were able to maintain running speeds
greater than 115 % of those required to elicit
anm for and entire 3 min run. Therefore,
only those runs for which the horses com-
pleted the 3 min maximum speed run are
included. My e at the minimum speed elic-
iting VO,max was not significantly correlated
with the speed required to elicit Vojmax
(17=0.39, p=0.19) (Fig. 4b), nor with VO2
max/M, itself (=004, p=0.70). The rela-
tionship between running speed and average
heart rate was similar to that observed for
Vo, (Fig. 2a, 3a). The average heart rates of
the horses ranged from 73 to 211 mm'E for
running speeds of 1.5 and 17 m ™', respec-
tively,
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Fig 5 Plasma lactate concentrations at various
times during and immediately after running at 14
m s~ Each symbol represents observations from
a different horse.

Time course of changes in lactate
concentration

When [lact] were measured throughout the
standardized exercise protocol with a maxi-
mum running speed of 14 m s, similar
profiles were observed for all horses (Fig. 5).
For every horse, a lag of approximately 30 s
occurred between the increase in treadmill
speed and an increase in [lact]. Both the end-
run [lact] and the rates of lactate accumula-
tion differed among horses. End-run [lact]
ranged from 18.0 to 30 6 mmol i~'. For indi-
vidual horses, Mp,ame determined at 30 s
intervals (following the 30 s lag) were essen-
tially linear during the run at maximum
speed. Although M ,qu. differed for these
horses running at 14 m s~', ranging from 7.4
to £2.1 mmol 1! min~!, when the running
speeds were standardized to the percentage
of the speed eliciting Vszax for each horse,
the relationship between My o and percent
of speed eliciting Vg,max was similar to that
observed in the first experiment (Fig. 3 b).

Lactate concentrations during

sequential runs

When plasma lactate accumulation measure-
ments were made on sequential runs 1 h
apart, no significant differences were detect-
ed in either V,/My (p=0.87) or in My e
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Fig 6 Oxygen consumption raies, pias-
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ma jactate concentrations, and plasma
lactate accumulation sates during 2 se-
quential runs at 1 m s~' faster than that
required o elicit Vg,max, Horses
walked (1.5 m s™%) for | h between the
first run {filied bar) and the second run
{open bar). Values are means + SEM
from eleven paired runs using 6 differ-
ent horses. * indicates significantly dif-

PLASMA LACTATE ACCUMULATION RATE

Vy Z/Mh ACUMULARON PRE-RUN  ERD-RUN
HATE ELACTATE]  [LACTATE]

(p=0.91) (Fig. 6). At the 0.05 @level, these
analyses had the power to detect 4% and
36% differences with 90% probability for
Vo,max and My eme 1espectively. Vo,/M,
was 2.72+006 and 2.79+0.04 ml O, s~
ke~! for the first and second runs, respec-
tively, and mean M . Were 9.6+0.7 and
96+0.8 mmol I=! min~! Pre-run {lact]
were significantly higher for the second run
than for the first run (6.1 21.0 vs 1.6+0.3
mmol 177 p<0.0001). Conversely, the end-
run {lact] were significantly lower following
the second run than the first run (27.2+09
v§ 30.1 + 1.2 mmol IF; p<0.01).

DISCUSSION

Technigues to determine the maximum rate
of O, consumption {Vg,max) have previous-
ly been described in detail '® To establish
Vg,max for these horses, we used 3 eriteria:
{1) increases in running speed elicited no
further increase in Vo,; (2) additional energy
necessary to sustain these greater running

speeds resulted in a net accumulation of

plasma lactate; (3) r values (Vco;/\‘fo;) X~
ceeded 1 0. A plateau of Vi, and heart rate is
clearly shown for both a single horse (Fig. 2)
and standardized for all the horses (Fig. 3).
These data demonstrate nearly identical
physiological response in all 6 horses when
standardized, even though the V03/M11 var-
ied approximately 15% among horses.
Increased [lact] occur whenever produc-
tion, coupled with movement into the blcod-
stream, exceeds removal by either storage

NOUVHINIONGS 3IvLOVT YWSYd

ferent from the correspoading pa,
<001

{(1edistribution), oxidation or glucongogene-
sis Increased lactate production has been
observed during exercise or through the re-
cruitment of muscle fibers in which anaecro-
bic glycolysis predominates for energy me-
tabolism."'* This study explores the rela-
tionship between O, consumption and plas-
ma lactate accumulation, particularly at ex-
ercise intensities at or above those eliciting
Vo.max, and for periods of time physiologi-
cally relevant to the racehorse.

No correlation was found between the val-
ue of Vozmax/Mb and the speed at which
ngmax 18 achieved (Fig. 4a). Therefore, it
can be stated that a higher Voznlax/Mi, does
not translate directly to a faster horse. In-
deed, this observation suggests that signifi-
cant differences in efficiency (mechanical
power output/metabolic power input) exist
between horses. Furthermore, Fig. 4 4 indi-
cates that at V,max, ail horses have a simi-
lar rate of plasma lactate accumulation, ap-
proximately 8 mmol 17!, again independent
of the running speed at which Vg,max was
clicited. This suggests that M e might be
used as an index of Vg,max.

Numerous studies have reparted an expo-
nential increase in blood or plasma lactaie
concentration with increasing running speed
similar to that described here.!'7 2 Although
other studies have investigated blood lactate
concentration kinetics during exercise,!®
none have reported the delay in changes in
{lact] following a change in exercise intensity
observed in this study. Less than one-third

of the observed 30 s time lag in onset of



plasma lactate accumulation following a step
change in running speed can be explained by
the time required for the treadmill to accel-
erate between speeds (<10 s). The remain-
der of the time lag in concentration increase
represents the time required to establish con-
centration gradients for diffusion of lactate
from muscles into blood and for convective
transport of the lactate Lo the sampling site
Knowledge of the percentage of the speed
required to achieve Vg,max that is repre-
sented by a particular running speed is nec-
essary to fully interpret the changes in [lact]
and M| ... Observed in this study.

Many reports suggest that repeated bouts
of exercise are accompanied by progressive
increases in [lact].>'? However, this study
demonstrates that with 1 h of low intensity
excrcise (walking at 1.5 m s~} between
bouts, {lact] at the end of the second supra-
Vg,max run were /lower than those observed
at the end of the first (Fig. 6). In fact, [lact]
were lower al all sample times during the
final 1.5 min of the second supra-Vg,max
run than for corresponding times of the first
run. Despite the fact that [lact] after exercise
have been shown to decrease more rapidly
toward resting concentrations with contin-
ued low intensity exercise following a high
intensity excrcise bout,*!® the concentra-
tions prior to the second run in this study
remained significantly elevated compared
with those observed prior to the first run.
Thus, {lact] were higher prior to, and lower
following, the second run at a supra-V g,max
speed. However, for both runs, My e dur=
ing the portion of the run at Vg,max were
identical. Therefore, enhanced lactate clear-
ance must have occurred during the submax-
imal and/or initial maximal portion of the
second run. Recent reports that aerobic
training enhances lactate clearance capacity’
and that lactate clearance rates are positively
correlated with [lact]™!? may explain these
findings. Because of the elevated [lact] at the
beginning of the second run, higher rates of
lactate clearance at the lower speeds might
have caused the total lactate accumulation
during the combined submaximal and maxi-
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mal run to be lower. A single observation
from our laboratory suggests that there is less
lactate accumulation during the initial 45 s
of a second suprz:-«'\'/mmax run, however, fur-
ther experiments are reguired to verify and
elucidate the mechanisms responsible for
this finding.

Anaerobic metabolism in the exercising
horse can only be accurately related to total
energy metabolism by measuring the total
turnover of factate in the body during exer-
cise, rather than just the net accumulation,
as in this study. Measurement of total turn-
over rates requires the use of radiolabelied
tracers or nuclear magnetic resgnance spec-
troscopy to account for quantities of lactate
that are produced and added to the whole-
body pool in one part of the body while
lactate is simultancously oxidized and re-
moved from the pool in another location,
i.c., the “lactate shuttle”.*” Although these
more complex experimental approaches are
not presented here, simple measurements of
lactate accumulation rates during exercise in
horses do allow us to draw the following
conclusions:

1} For horses that are moderately condi-
tioned on a treadmill, no correlation exists
between Volmax/Mb and the speed that elic-
its Vg,max, suggesting that differences in
their performance may be more related to
variation in efficiency than strictly to aero-
bic power (Fig. 4a).

2} When a horse runs at the minimum
speed that elicits VOZmax, lactate accumu-
fates in the plasma at a rate of approximately
8 mmol 1= min~!, independent of speed and
Vo,max/M,, for that horse (Fig. 45)

3} My e coTEelate more highly with the
percentage of running speed required to elic-
it Vg,max than with absolute running speed
(Fig. 3B Fig. 5}).

4) During exercise at or near a work load
that elicits VOzmax, plasma lactate accumu-
lates at a steady rate after approximately 305
following an increase in running speed; the
rate of increase is directly correlated with the
percentage of Vg,max at which the horse is
working (Fig. 5). If a standardized exercise
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protocol is followed, M, 4. €an be a useful
estimator of aerobic capacity.

5) {Lact] are higher before, and lower af-
ter, a supramVOEmax exercise protocol that
follows a supra-Vo,max protocol 1 h earlier,
Nevertheless, Volmax/Mb and My e a1€
identical during the supra~V031nax portions
of both runs (Fig. 6). These findings sugpest
that prior exercise results in increased rates
of plasma lactate clearance during sub-Vo,
max exercise.
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Rates of Blood Lactate Disappearance Following
Exercise of Different Intensities

D 1 MARLIN, R C HARRIS and D, H. SNOW
Department of Compararive Phiysiology. The Animal Health Trust. Newmankeet, Suffolle. England

ABSTRACT. Lactate was anajysed in whole blood and plasma following 2 min
treadmill exercise on scparate occasions at 6, 7, 8, 9, 10, 1l or 12 ms~ ' ona 5°
incline. Peak concentrations of lactate in plasma were found to occus immediately
post-cxercise {0 min recovery} when the peak concenteation was less than 20 mmol
17" and at 5 min recovery between 20-46 mmol 1-% In whole blood, peak lactate
conceatrations occurred immediately post-exercise {for concentrations less than (0
mmoi {~'. Between 15 and 30 mmol i~', peaks cccurred at both 5 and {0 min
recovery. Mean blood or plasma lactate disappearance rates (mmol 1-' h~") did not
change significantly with increasing speed. Rates of disappearance ranged from
25.1-63.0 mmol §~! 1! for plasma and from 16 8~33 4 mmol [~ i~ for whole

bleod.

Kev words. Horses: exercise; blood: lactate kiactics

INTRODUCTION

The kinetics of blood lactate appearance and
disappearance following maximal field and
treadmill exercise in the Thoroughbred
horse have been described previously.'?H
Following field gallops of either 800 or 2000
m or treadmill gallops of 1400 mat 12 ms™'
(5° incline), peak post-exercise blood lactate
contents were found to occur between 5 and
[0 min into recovery, Blood lactate appear-
ance and disappearance could be described
by a bi-exponential equation previously used
to describe postexercise lactate kinetics in
man.’#

In both of the previous studies, factate
kinetics following exercise were examined
over a relatively narrow range of initial lac-
tate concentrations, The present investiga-
tion was, therefore, undertaken to investi-
gate lactate kinetics over a much wider range
of peak concentrations.

MATERIALS AND METHODS

Animals. Six trained Thoroughbred horses
(FR—5 yo; HR -6 yo; IW—13 yo; MR 4

yo, TB—5 yo, LB—4 vyo) were used in this
study.

Exercise protocol Each horse performed 7
experimental treadmill sessions, each sepa-
rated by at least 3 days. Each experimental
session consisted of a warm-up period dur-
ing which the horses were walked for 15 min
at I 6 ms~', followed by a canter for 2 min
at 6 ms~!and a further 5 min walk at 1.6 m
s~ After the warm-up period the horses
performed a 2 min test-exercise at a speed of
6,7,8,9, 10, 11 or 12 m s~ (see Fig. I).
Only one speed was used per experimental
session and the order of the sessions was
randomised. The treadmill was set at 5° at
all times during the warm up and exercise
periods and at 0° during the recovery period.
Environmental conditions were maintained
between [8-20°C and 60-70% relative hu-
midity.

Sampling Blood samples were coliected
from an indwelling catheter (Becton-Dickin-
son, 14 g with 17 gx20 cm inner needle)
lacated in the left or right jugular vein and
attached to a 100 cm extension line {Lectro-
felx, PVC, Vygon, UK, 2 ml capacity). Pa-



